Purpose: To evaluate the contamination rate and the corresponding spectrum of microbes and to identify donor risk factors for corneal organ culture contaminations. Methods: A total of 3306 organ-cultured donor corneas were included in the study. We performed a retrospective database analysis to evaluate donor factors such as gender, age, death-to-explantation interval (DEI), procurement site and cause of death and to determine their influence on donor cornea contaminations. Odds ratios (ORs) were calculated for each factor. Results: The overall contamination rate was 7.8% (n = 259). Younger donor age (OR: 2.2, p = 0.003, chi-squared test), a DEI of more than 24 hr (OR: 1.6, p < 0.001), hospitalization prior to death (OR: 2.2, p < 0.001) and death caused by sepsis (OR: 2.7, p < 0.001) were associated with an increased risk of contamination, whereas donor gender did not have an effect on donor cornea contaminations. The most frequently isolated microbes were Enterococci (19%), Staphylococci (10.8%) and Candida (37.4%). Conclusion: This study helps to estimate the contamination risk of a cultured cornea based on specific donor factors. However, donors with risk factors should not be generally excluded from cornea donation. Further studies including antibiograms might clarify whether a change in the antibiotic composition of the culture medium would be useful to deal with the increasing number of multiresistant microbes.
Introduction
Besides insufficient corneal endothelial quality and positive or unclear serological status, donor cornea contamination is one of the major reasons for corneas to be discarded by eye banks. Apart from regulatory issues, transplantation of contaminated corneal tissue is forbidden by risk/benefit considerations as it may lead to corneal infections and, in the worst case, to postoperative endophthalmitis and to loss of the recipient's eye (Antonios et al. 1991; Kloess et al. 1993; Keyhani et al. 2005) . Therefore, special efforts are made to minimize the risk of donor cornea contamination. This includes careful donor selection, decontamination procedures prior to explantation, tissue handling under sterile conditions and addition of antibiotics to the culture medium.
Regarding donor cornea contaminations, organ culture at 31-37°C as applied in the majority of European eye banks offers advantages compared to hypothermic storage at 4°C. Antibiotics are more efficient at higher temperatures, when the contaminating microbes are more metabolically active (Armitage & Easty 1997; Zanetti et al. 2005; Pels et al. 2008) . Furthermore, longer preservation periods allow detection of contamination during later stages of storage (Hagenah et al. 1995; Armitage & Easty 1997; Borderie & Laroche 1998; Spelsberg et al. 2002; Zanetti et al. 2005; Pels et al. 2008) .
In eye banks, microbiological samples are taken from the culture medium during corneal cultivation to control sterility. Contamination rates of 0.53-19.4% have been reported (Hagenah et al. 1995; Armitage & Easty 1997; Borderie & Laroche 1998; Spelsberg et al. 2002; Fontana et al. 2007; Hermel et al. 2010; Schroeter et al. 2012; Linke et al. 2013 ). Several factors like donor age (Khouani et al. 2014) , cause of death (Sperling & Sorensen 1981; Lane et al. 1994; Armitage & Easty 1997; Spelsberg et al. 2002; Hassan et al. 2008; Khouani et al. 2014) , DEI (Armitage & Easty 1997; Borderie & Laroche 1998) as well as different procurement and preservation techniques (Pels et al. 2008; Schroeter et al. 2012; Linke et al. 2013 ) have been analysed with respect to their impact on donor cornea contaminations. However, findings of these studies are controversial. The most common microbes reported in previous studies are Staphylococcus species and Candida species (Lane et al. 1994; Borderie & Laroche 1998; Patel et al. 2005; Hermel et al. 2010; Linke et al. 2013; Khouani et al. 2014) , which belong to the normal skin microbial flora.
The aim of this study was to evaluate the contamination rate at LIONS Cornea Bank North Rhine-Westphalia (NRW) in the period from 2008 to 2014 and to determine donor risk factors for corneal contamination. Furthermore, contaminating organisms were analysed.
Materials and Methods
All donor corneas harvested for transplantation and subsequently stored by organ culture in LIONS Cornea Bank NRW, Department of Ophthalmology, University Hospital D€ usseldorf, Germany, between 1 January 2008 and 31 December 2014 were included in this study. All data regarding the corneal donor, cornea procurement, storage and quality as well as allocation and transplantation were documented in an electronic database, which was retrospectively evaluated. The study complied with the tenets of the Declaration of Helsinki.
Corneas were explanted by residents of the Department of Ophthalmology working in the cornea bank. Consent for cornea donation was obtained, and donors were checked for suitability and exclusion criteria. Corneal explantation and storage were performed according to German and European laws and regulations. Donor blood samples were analysed regarding the serological status for transmissible diseases (e.g. HIV, HBV, HCV, HTLV and syphilis). In case of a positive serological status, the corneas of the respective donor were discarded. Donor corneas were procured at different locations: clinical departments of University Hospital D€ usseldorf and of external partner hospitals, the Institute for Forensic Medicine of University Hospital D€ usseldorf, and the Institute of Anatomy of University Hospital D€ usseldorf. Prior to donor cornea explantation, the periocular skin of the donor was disinfected using coloured Kodan Ò Tinktur Forte spray (Sch€ ulke & Mayr GmbH, Norderstedt, Germany). A lid speculum was inserted, and the ocular surface and conjunctival sac were rinsed with 5 ml 1.25% polyvinylpyrrolidone-iodine (PVP-I) solution (Pharmacy of University Hospital D€ usseldorf, D€ usseldorf, Germany). After 2 min, the conjunctival sac was irrigated with 500 ml sterile 0.9% saline. The donor was covered with a sterile disposable drape with a small fenestration for the eye and the disinfected periocular region. Sterile surgical instruments were used for corneal explantation. After removal of the pericorneal conjunctiva, the corneoscleral disc was excised with a circular trephine of 15 mm diameter and placed in a sterile plastic container (15 ml, Nalgene, Thermo Fisher Scientific, Watham, MA, USA) filled with 10 ml of transport medium (Biochrom Culture Medium II with Dextran T500; Biochrom GmbH, Berlin, Germany). Corneoscleral discs were kept in the transport containers at room temperature for a maximum of 72 hr.
Subsequently, they were transferred to culture flasks (50 ml, Thermo Fisher Scientific, Watham, MA, USA) containing 40 ml of organ culture medium (Biochrom Culture Medium I without Dextran T500; Biochrom GmbH) with 2% foetal bovine serum (FBS). At this point, the corneas were examined macroscopically as well as microscopically (phase contrast microscopy; Axiovert 100; Zeiss, Jena, Germany) for scars and other characteristics, which might influence their suitability for corneal transplantation. Afterwards, corneoscleral discs were stored in an incubator at 34.4°C for up to 4 weeks. Culture media were changed once a week. Sterility tests were performed on days 7 and 21 (if not already transplanted or discarded). Blood culture bottles for detection of aerobic and anaerobic/facultative anaerobic micro-organisms (BacT/ALERT 3D, BioM erieux, Marcy l'Etoile, France) were each injected with 10 ml of culture medium and observed for a period of 7 days in the Institute of Medical Microbiology of Heinrich Heine University D€ usseldorf. In case of a contamination, the pathogens were further specified and the contaminated cornea was discarded immediately. During culture period, the corneoscleral discs and media were routinely controlled on every workday for macroscopic signs of contamination like medium turbidity, medium acidification (indicated by medium colour change), precipitation of medium components or changes of tissue appearance. Prior to transplantation, corneas were transferred to new culture flasks filled with hyperosmolar deswelling medium (Biochrom Culture Medium II with Dextran T500; Biochrom GmbH). A final microbiological sample was taken from the old culture medium and analysed as described above. Before transplantation, sterility of all culture medium samples taken from the respective corneas was reconfirmed by the Institute of Medical Microbiology, and the corneas underwent another quality control including macroscopic and microscopic examination.
Statistical analysis
Statistical analysis was performed using GRAPHPAD Prism software (version 5.04, GraphPad Software, Inc., La Jolla, CA, USA) and R software (version 3.2.2, The R Foundation for Statistical Com-puting, Wien, Austria). Continuous variables were analysed by Student's t-test, and data were expressed as means and standard deviations. Subgroups of continuous variables and categorical variables were evaluated using Chi-squared test. For univariate analysis, ORs for each category or subgroup were calculated in comparison with all other categories or subgroups as a baseline. In addition, we performed a donor-based logistic regression to examine possible dependencies between variables and to avoid the possible lack of independence between two corneas of the same donor. Odds ratios (ORs) were calculated in comparison with a reference category. For donor age, ORs were given for each increase in age by 1 year. A p value < 0.05 was considered statistically significant.
Results
A total of 3306 corneas from 1653 donors were included in the study. Mean donor age was 75.9 AE 12.8 years (range: 15-104 years) with the majority of donors being between 70 and 89 years of age (63.7%; n = 2106). A total of 1018 corneas (30.8%) were obtained from female donors, whereas 2288 corneas (69.2%) were obtained from male donors. Mean DEI was 24.7 AE 14.2 hr (range: 0.0-71.8 hr). In total, 61.1% of all corneas (n = 2020) were procured within 24 hr after death.
Most procurements were carried out in clinical departments (75.7%; n = 2504), and the most common cause of death was cardiovascular disease (36.6%; n = 1212) followed by strokes/ brain damage (12.4%; n = 410).
Contamination rates
The annual contamination rates from 2008 to 2014 ranged from 6% to 11% (Fig. 1) . The overall contamination rate was 7.8% (259 of 3306 corneas). In 47.2% of the cases, both corneas obtained from the same donor were contaminated, whereas 52.8% of the contaminations occurred only in one cornea of the respective donor.
Contamination rates with respect to different donor factors are summarized in Table 1 . There was no statistically significant difference between contamination rates of corneas from female and male donors (8.4% versus 7.6%; Fig. 2A and B). However, mean donor age of contaminated corneas was significantly lower compared to mean donor age of non-contaminated corneas (72.5 AE 14.3 years versus 76.2 AE 12.6 years; p < 0.0001, t-test). Corneas obtained from younger donors were more frequently contaminated, especially if the donor was below 50 years of age (contamination rate: 15.3%, OR: 2.2, p = 0.003, Chi-squared test; Fig. 2C and D). Likewise, the group between 50 and 69 years of age showed an increased risk of contamination (9.9%; OR: 1.4, p = 0.022). On the contrary, corneas from donors between 70 and 89 years of age developed significantly less contaminations (6.9%, OR: 0.7, p = 0.009). The lowest contamination rate was observed in donors over 90 years of age (6.6%), though this was not significant. Mean DEI was significantly higher in contaminated corneas compared to non-contaminated corneas (27.4 AE 15.8 hr versus 24.5 AE 14.2 hr; ttest, p = 0.0015). Accordingly, the contamination rate of corneas procured more than 24 hr after death showed a significantly higher contamination rate than corneas procured within 24 hr after death (10.0% versus 6.5%, OR: 1.6, p < 0.001; Fig. 2E and F). Regarding procurement sites, the highest contamination rate was found in corneas procured in clinical departments (8.9%, OR: 2.2, p < 0.001; Fig. 2G and H) . Corneas procured in the Institute of Forensic Medicine, on the other hand, showed a significantly lower contamination rate compared to other locations (4.2%, OR: 0.5, p < 0.001), whereas procurement in the Institute of Anatomy did not have any significant effect on the contamination rate. Contamination rates differed significantly depending on the donor's cause of death: While stroke or other kinds of brain damage were associated with a significantly lower contamination rate (5.1%, OR: 0.6, p = 0.037), corneas from septic donors developed significantly more contaminations (17.3%, OR: 2.7, p < 0.001) than corneas from donors who had died from other causes ( Fig. 2I and J) . Interestingly, infections Odds ratios (ORs) are given together with the 95%-confidence interval (CI). A p-value <0.05 was considered significant. DEI = death-to-explantation interval.
leading to death without sepsis did not have any adverse effect on the contamination rate. In contrast, corneas obtained from these donors showed the second lowest contamination rate (5.6%).
According to the logistic regression model, each increase in donor age by 1 year lowered the risk of contamination by 2% (OR = 0.98, p = 0.011) ( Table 2) . A DEI ≥24 hr significantly increased the risk of contamination (OR = 1.65, p = 0.002). Compared to the procurement site clinical departments, procurement in the Institute of Forensic Medicine significantly reduced the risk of contamination (OR = 0.41, p = 0.001), while the difference to the Institute of Anatomy was not significant. Among all examined causes of death, only sepsis significantly increased the risk of contamination compared to stroke/ brain damage (OR = 2.83, p = 0.003).
Contaminating organisms
In total, 37.8% of the contaminations were caused by fungi and 48.9% of the contaminants were bacteria (73.5% of these were Gram-negative and 26.5% were Gram-positive bacteria; Table 3 ). The share in bacterial and fungal contaminations varied depending on the procurement site and donor's cause of death ( Fig. 3A and B) . Corneas procured in clinical departments and corneas of donors who died from multiple organ failure showed a significantly higher proportion of bacterial contaminations compared to other procurement sites and death causes (p < 0.001 and p = 0.047). Donor age and DEI did not have a significant effect on the type of contaminating organisms. The predominantly isolated fungus was Candida (37.4 % of all contaminations), and the most common bacteria were Enterococci and Staphylococci (19% and 10.8 % of all contaminations, respectively). Of the 83 contaminated corneal pairs, 71 (85.5%) were contaminated by the same organism and 12 (14.5%) were contaminated by different organisms.
Discussion
In our study, 7.8% (n = 259) of the corneas procured between 2008 and 2014 were contaminated. This result is consistent with previously reported contamination rates ranging from 0.53% to 19.4% (Hagenah et al. 1995; Armitage & Easty 1997; Borderie & Laroche 1998; Spelsberg et al. 2002; Fontana et al. 2007; Hermel et al. 2010; Schroeter et al. 2012; Linke et al. 2013) .
While annual contamination rates from 2008 to 2011 were below 7%, the contamination rate increased to 9.3% in 2012 and reached a maximum of 11% in 2013. This increase is most probably due to intensive training of numerous new ophthalmology residents during this time period. Previous studies have shown that around 52% to 100% of untreated donor corneas are contaminated (Polack et al. 1967; Mindrup et al. 1993; Panda et al. 2006; Matsumoto et al. 2011) . Therefore, disinfection of donor eyes before excision of the corneoscleral disc plays a pivotal role in preventing contaminations during organ culture. By rinsing the eye and subsequently treating it with PVP-I, the microbial load can be reduced by up to 98% (Sperling & Sorensen 1981; Pels & Vrensen 1999) . The impact of different disinfection protocols has been demonstrated by some groups significantly reducing their contamination rates by prolonging their decontamination phase with Odds ratios (ORs) are given together with the 95%-confidence interval (CI). A p-value <0.05 was considered significant. DEI = death-to-explantation interval.
(A) (B) Fig. 3 . Share of bacterial and fungal contaminations in relation to different procurement sites (A) and death causes (B). The micro-organisms listed as Candida species, Enterobacteriaceae, Enterococcus species, Proteus species, Staphylococcus species, Streptococcus species and Kocuria species were not further classified into subgroups of the respective species.
PVP-I (Builles et al. 2006; Li et al. 2014) . Even the use of an eyelid speculum or the force applied while rinsing the conjunctival sac is the critical step for a successful decontamination (Builles et al. 2006 ). However, conjunctival or intraocular swabs taken after disinfection of the donor's ocular surface were not a suitable tool to predict contaminations of organ-cultured corneas (Fuest et al. 2016) . Contaminations occurred in both corneas of the same donor in 47.2%, suggesting that donor factors do have a certain impact on whether the corneas will develop a culture medium contamination or not. In fact, gender was the only factor analysed in our study, which did not affect the contamination rate (p = 0.506).
Regarding donor age, we found corneas of younger donors to be contaminated more often. It has been shown that donors with culture-positive conjunctival swabs taken prior to disinfection are significantly younger than culture-negative donors (Matsumoto et al. 2011) . This suggests that the ocular surface of younger donors is more likely to be primarily contaminated. The reason for this might be that younger donors often die from cancer, which has been shown to be associated with a higher contamination rate compared to other death causes (Khouani et al. 2014 ). Khouani et al. also found a higher contamination rate for younger donors. They explained this result by the fact that corneas from older donors are more frequently discarded because of endothelial abnormalities before taking microbiological samples, thus underestimating the contamination rate in this group (Khouani et al. 2014 ). This could also be the case in our study as it has been shown that donor age is the major factor affecting corneal endothelial cell density (Armitage & Easty 1997) . However, several studies found no significant correlation between donor age and contamination rates (Borderie & Laroche 1998; Rehany et al. 2004; Linke et al. 2013; Armitage et al. 2014) .
Another controversially discussed factor is the time between donor death and corneal explantation (DEI). While numerous studies could not show an influence of the DEI on the contamination rate (Rehany et al. 2004; Patel et al. 2005; Armitage et al. 2014; Khouani et al. 2014) , our data support the finding that a longer DEI is associated with a significantly greater risk of contamination (Armitage & Easty 1997; Linke et al. 2013 ). The postmortem corneal bacterial load has been shown to be higher than the bacterial load observed in vivo (Sperling & Sorensen 1981) . In addition, higher positive microbial growth rates have been observed, when conjunctival swabs were taken from donors with a longer DEI, showing ongoing microbial growth after death (Panda et al. 2006; Matsumoto et al. 2011) . As microbial proliferation is slowed down at lower temperatures, cooling the donors immediately after death might reduce the risk of contamination. Unfortunately, we were not able to analyse the influence of this factor as the death-to-cooling interval differs among donors and was not routinely documented.
Only few studies have analysed the correlation of procurement sites and donor cornea contamination. For hospitalized donors, higher contamination rates and a higher probability of postkeratoplasty endophthalmitis were reported (Patel et al. 2005; Hassan et al. 2008 ). In addition, it has been shown that donors, who have been on a respirator prior to death, bear an increased risk of cornea contaminations (Sugar & Liff 1980) . These findings are in line with our results showing significantly higher contamination rates for corneas procured in clinical departments compared to the Institute of Forensic Medicine and the Institute of Anatomy. Donors who died in hospitals might carry hospital-acquired germs in addition to their normal ocular and skin flora. These germs are more likely to be resistant against antibiotics and might survive in the culture medium. Furthermore, hospitalized donors usually suffer from more severe diseases, which might impair their immune system and therefore promote microbial colonization. On the other hand, corneas procured in the Institute of Forensic Medicine usually originate from donors who died suddenly and with less comorbidity. In this group, contamination rates were significantly lower.
According to Armitage et al. (2014) , death cause is the dominating factor influencing the risk of contamination. One of the most frequently named death causes associated with a higher contamination rate is cancer (Rehany et al. 2004; Armitage et al. 2014; Khouani et al. 2014) . In fact, corneas obtained from donors who died from cancer had the second highest contamination rate in our study, although this was not significant. Cancer patients are often long-term hospitalized and might be more susceptible to infections. To meet these concerns, immunosuppressed patients and those receiving chemotherapy in the last 3 months are excluded from cornea donation. While Armitage et al. found septicaemia to pose the greatest risk of donor cornea contamination in a past as well as in a recent study (Armitage & Easty 1997; Armitage et al. 2014) , there are lots of studies showing contradictory results (Spelsberg et al. 2002; Gavrilov et al. 2010; Linke et al. 2013; Khouani et al. 2014) . Our data confirm the results of Armitage et al. as donor sepsis caused by far the highest contamination rate in our study (17.3%). Interestingly, in an earlier study conducted at the same eye bank, no statistically significant difference was found between the rate of culture medium contamination in septic and non-septic donors (Spelsberg et al. 2002) . This could be explained by increasing bacterial resistance during the past decades. Exposure to antibiotics provides the necessary selective pressure for the rise and spread of resistant pathogens (Roca et al. 2015) . Spelsberg et al. (2002) have demonstrated that there is no correlation between the pathogens isolated from contaminated culture medium and the pathogens causing sepsis in the donor. We therefore regard conjunctival microbes as the main source of contaminations. As it is not part of German eye bank standards, we did not regularly prepare antibiograms of isolated bacteria. However, in another eye bank study 96% of the isolated bacteria were resistant to penicillin and 71% were resistant to gentamicin (Borderie & Laroche 1998) . Until now, only infections or sepsis caused by fungi or multi-resistant bacteria are considered as contraindications for cornea donation. In our opinion, this proceeding is justified, as culture systems offer the possibility to detect contaminations and discard the respective corneas. If septic donors were generally excluded from cornea donation, we would have lost 182 corneas which did not show culture medium contamination and were transplanted without any complications. Surprisingly, we detected less culture medium contaminations in corneas of donors who died from infections without sepsis. In these cases, antibiotics might have been used more restrictively, thus avoiding development of antibiotic resistance. In most of the other studies, sepsis was not clearly distinguished from infection, which might have resulted in an underestimation of sepsis as a risk factor for contaminations.
Death from cardiopulmonary failure has been shown to be associated with a significantly lower contamination rate (Armitage & Easty 1997; Khouani et al. 2014) . Our study could not confirm these results, but in agreement with Armitage & Easty (1997) corneas obtained from donors who had died from strokes had a significantly lower risk of contamination compared to all other causes of death. Cardiovascularcaused death often occurs suddenly and in non-hospitalized persons, which might explain the low contamination rate in these groups.
The logistic regression analysis confirmed that donor age, DEI, procurement site and cause of death have a significant influence on the contamination rate of donor corneas. Younger donor age reduced the risk of donor cornea contaminations, while a DEI ≥24 hr significantly increased the contamination risk. Corneas procured in the Institute of Forensic Medicine had a lower risk of donor cornea contamination compared to corneas procured in clinical departments. Regarding causes of death, only sepsis had a significantly higher risk of contamination compared to stroke/brain damage.
The spectrum of microbes isolated in our study is similar to that reported in previous studies (Borderie & Laroche 1998; Builles et al. 2006; Linke et al. 2013; Khouani et al. 2014 ). In line with other studies, Staphylococci and Candida were frequently detected (Patel et al. 2005; Linke et al. 2013; Khouani et al. 2014) . However, the distribution of species differs among the studies. While Linke et al. (2013) found fungi to be responsible for about 62% of contaminations, our data show 38% of contaminations to be of fungal origin. This might be due to different culture temperatures in eye banks. Linke et al. stored their corneas at 37°C, whereas in Lions Cornea Bank NRW a culture temperature of 34.4°C was applied. In another eye bank culturing corneas at 31°C, the fungal contamination share was only 19%, corroborating the assumption that lower temperatures limit fungal proliferation (Linke et al. 2013; Khouani et al. 2014) . To reduce the number of fungal contaminations, the supplementation of fresh amphotericin B to the culture medium has been discussed (Linke et al. 2013) .
The significantly higher proportion of bacterial contaminations in corneas procured in clinical departments could be explained by the higher prevalence of hospital-acquired and multi-resistant bacteria in this group. The same applies to donors who died from multiple organ failure as these patients were usually treated in intensive care units and have often been on a respirator prior to death. Corneas procured in the Institute of Forensic Medicine on the other hand were more frequently contaminated by fungi (77.4%). This correlates with the data of Linke et al. (2013) who had 62% fungal contaminations and according to personal communication procured around 95% of their donor corneas in an Institute of Forensic Medicine.
Consistent with other studies, our analysis showed the majority of bacterial contaminations to be caused by Gram-negative germs (Borderie & Laroche 1998; Builles et al. 2006; Linke et al. 2013 ). This can be explained by changes in the ocular bacterial flora after death in terms of a shift towards Gram-negative bacteria (Polack et al. 1967) . The same trend was observed with longer hospitalization periods (Ritter et al. 1990 ). The predominant Gramnegative microbe isolated in our study was Enterococcus. This species has also been isolated in patients with ocular infections like keratitis and endophthalmitis and often shows multiple resistance (Scott et al. 2003; Rau et al. 2008) . Therefore, enterococci might survive in the corneal culture medium and cause contaminations. A longer disinfection phase with PVP-I might be a suitable approach to control this issue.
To summarize, this study could demonstrate on the basis of a large database that donor factors have a significant influence on the contamination rate during corneal organ culture. Younger donor age, (long-term) hospitalization and death from sepsis were associated with an increased risk of donor cornea contamination, and special care should be taken with these corneas. Furthermore, corneal explantation should be performed as soon as possible, preferably within 24 hr after death. However, contamination of donor corneas also depends on other factors like explantation method (enucleation versus corneoscleral disc excision) (Lane et al. 1994; Borderie & Laroche 1998; Linke et al. 2013) , handling (Hagenah et al. 1995; Patel et al. 2005 ) and storage conditions (Zanetti et al. 2005; Pels et al. 2008) . Additionally, there are interindividual differences between donors. As only a small proportion of the corneas with donor risk factors develop contaminations, donors showing these risk factors should not be generally excluded from cornea donation.
